Introduction 37
Biotechnology plays a central role in the expanding search for sustainable solutions to 38 mitigate industries' dependency on non-renewable substrates, and the production of 39 diverse chemicals by microorganisms has been of great importance in providing 40 alternatives to already established petroleum-based processes. Microorganisms can be 41 exploited as microbial cell factories due to their natural features, or metabolically translation: light green is RBS1 (Bba_B0031), medium green is RBS2 117 (Bba_B0030) and dark green is RBS3 (Bba_B0034). According to this key, 118 the circuits shown in Figure 1B In these genetic circuits, the relative gene positions were fixed, hu being the first gene in 124 the polycistronic mRNA, followed by rbp and then clpP, and an RBS slot was available 125 upstream to each of them, allowing for the customization of the operon with any of three 126 selected RBSs as a way to fine-tune translation levels between the different proteins 127 ( Figure 1) . Accordingly, a calibration of the different RBSs using GFPlva, a fluorescent 128 protein possessing a C-terminal degradation tag 21 , as a proxy for gene expression was 129 performed to determine their suitability to our system and revealed that the RBSs were 130 both functional and, under these circumstances, allowed the distinction of low, medium 131 and high relative expression profiles ( Figure S1 ). Ultimately, this combinatorial approach 132 resulted in 27 unique operon designs which were referred to as pARCXYZ, being "X", 133 "Y" and "Z" indicators of which RBS was present in each slot of the polycistronic mRNA 134 in a given construction. Figure 1B provides an illustration for the general design of the 135 synthetic circuits, while Table 1 presents an overview of all the biological parts used in 136 this work. The extent to which the expression of hu, clpP and rbp genes was able to confer acid 141 tolerance to E. coli was assessed under to strict nutritional and physiological conditions 142 in order to diminish native tolerance responses known to play important roles in E. coli 143 stationary-phase survival 22 . For this, each gene was separately expressed under the 144 control of a strong RBS sequence, and exponentially growing cells possessing these 145 constructions were subjected to a 1.9 pH acidic challenge in minimal media (Methods).
146
In our assays, we observed that the individual expression of genes granted acid tolerance 147 to the cells in differing degrees, with cells expressing hu displaying a superior 148 7 performance over the ones expressing either of the other genes over, with 0.9% of survival 149 after 1h of acidic challenge. This level was more than 10 times the 0.06% survival of E. 150 coli cells harboring only an empty plasmid without tolerance genes. Yet, the survival rate 151 for this clone showed a sharp decay after 2 hours of incubation, as it fell to 0.1% under 152 these conditions ( Figure 2 ; Table S1 ). Interestingly, when the three genes were co-153 expressed into an operon under the control of a weaker RBS upstream of each gene (e.g. 154 pARC111), we were able to obtain 9.3% of survival percentages after one hour of acidic 155 shock, resulting into a 10-fold improvement over the expression of hu by itself.
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Additionally, a much smoother decay rate in survival percentages was observed after two 157 hours of acid exposure, as survival fell to 4.10% ( Figure 2 ; Table S1 ). Such an 158 improvement suggests that the relationship between gene expression and acid tolerance 159 may not only be related to the absolute amount of protein translated, but that a synergic position more than doubled the observed survival rates (as seen in pARC113). This 181 relationship is not always true, however, since the RBS1 to RBS2 replacement in the hu 182 position had a more significant impact than RBS1 to RBS3, as the pARC211 expressing 183 strain showed almost 50% of survival after one hour of incubation whereas pARC311 184 cells survival remains at a 30% level. Given that hu was also the individual gene 185 associated to the greater levels of survival, these results may reinforce that genes play 186 different roles in enhancing cells' resilience under stress, but they also hint to the context- Survival percentages and expression costs for host cells varied due to operon design 205 A wide range of survival profiles was obtained through the expression of our group of 206 synthetic operons, as shown in Figure 4 . Interestingly, cells bearing constructions one 207 could argue as possessing the strongest set of tolerance determinants (i.e. strong RBS in 208 every gene, such as pARC333, pARC323, etc.) showed lower survival percentages than 209 those carrying more evenly composed operons, which we hypothesize to be a 210 consequence of a heavier expression burden imposed over these cells than over those 211 expressing less-demanding constructions 26 . Additionally, analysis of cellular growth 212 profiles showed that the growth of strains bearing any of the plasmids containing pARCs 213 was impaired when compared to the growth of a control carrying an empty plasmid, even 214 at lower pH, despite the expression of pARCs evidently enabling great improvement in 215 survival under acidic stress ( Figure S2 ; Table S2 ). Although this apparent trade-off between resistance and growth was observed, it is 248 remarkable that the comparative analysis of relative fitness between cells harboring 249 pARCs reveals a rich, non-linear relationship between acid tolerance of cells and growth 250 performance, as measured by the decrease in growth rate promoted by the expression of 251 the synthetic operons. This two-dimensional analysis allowed us to explore an expression 252 space and distinguish, between circuits that conferred similar levels of acidic resistance 253 under stress, and those that have achieved this feat with the lowest detrimental effects to 254 the host cells. In this sense, Figure 5 and Figure S3 show the relationship between the 255 fitness cost and survival for some of the strains engineered in this work at different time 256 points. For instance, the comparison of pARC111, pARC112 and pARC211 profiles show 257 that, despite showing no difference in survival percentage after the acid resistance assay, 258 the expression of pARC112 was much more costly to the host's metabolism than 259 pARC111, and the expression of pARC211 provided much more tolerance than 260 13 pARC112 without a corresponding increase in fitness cost to the cells. Moreover, these 261 results imply that greater levels of survival might be related to the expression of low-cost, 262 efficient operons, as cells expressing pARC211, pARC212 and pARC213 operons, 263 despite displaying an astounding increase in survival in the acid shock assays, showed under different conditions, such as temperature, pH and ethanol concentration 35-38 . 281 However, to the best of our knowledge, this is the first time such a combinatory approach 282 was taken to generate a library of truly synthetic tolerance clusters composed by 283 seemingly unrelated resistance genes. This strategy allowed us to navigate through an 284 expression space of strains with different resistance levels and growth profiles and 285 identify cells with maximized acidic resistance despite low fitness cost. It is worth noting 286 that, as a proof of concept, we only investigated operon design properties at translation 287 levels, but the results here presented still may be further expanded by engineering systems 288 also regulated at transcription level. Feedback-controlled promoters that adjust expression 289 levels to match the insult sensed by the cells, for instance, were proven to be extremely 290 effective in providing cells with enhanced fermentative properties due to lower associated 291 expression burden 39, 40 . As Synthetic Biology consolidates its position as a discipline that 292 aims to engineer and expand the limits of life, the appropriation of unique mechanisms 293 uncovered from the known bounds where life is found is of great importance to accelerate 294 the development of new, robust synthetic circuits for addressing industrial and societal 295 needs. Approaches such as the one presented in this study might be of great importance 296 to uncover novel functions and non-obvious synergistic relationships between promising 297 proteins, and hopefully researchers will be encouraged to delve more into the ever-298 growing richness of metagenomes available in genetic databases. were also designed with terminal restriction sites to direct fragment ligation. Table S3 320 contains primer sequences used in this study. For the simultaneous ligation of the genes 321 in the linearized vector, an equimolar pool of the fragments was treated as a single insert Acid shock assay 327 Stress tolerance promoted by the expression of tolerance genes and synthetic operons was 328 pursued for exponential-phase cells grown aerobically in nutrient poor media, as E. coli's 329 native resistance mechanisms to extreme acidity aren't wired to respond well under these 330 conditions 22 . Cells from a single colony were first acclimated to minimal media in a 331 cultivation in 5mL of M9 media for a day at 37 o C and 220 rpm. After that, 5µL of culture 332 were diluted in 5mL of fresh media and let grown overnight (16h) under the same 333 parameters in order to harvest cells. The next day, a 1:50 dilution of the culture was done 334 in fresh media and cells were let grow until reaching mid-log phase (OD600 between 0.6 335 and 0.9 depending on the strain), when the acid assay would start by the dilution of 10µL 336 of the culture in 990µL of acid M9 media (pH 1.9), without antibiotics, in a 337 microcentrifuge tube that was incubated at 37 o C e 220 rpm. After growth curves were obtained, growth rates (μ) determination was done by 367 estimating the slope of the curves during the linear exponential growth phase 42 , and the 368 cost of different constructions over the host cells was calculated by the methodology 369 described by Bienick and collaborators 43 . Fitness was calculated as the ratio between the 370 reference growth rate (μref), corresponding to the control expressing an empty plasmid, 371 and the growth of each clone. This value was adjusted so that a theoretical quotient of 1 372 meant 0% of fitness cost, as shown in Equation 1 373 374
Equation 1
Fitness cost= 1 -μ 375 376 18
Data analysis and visualization 377
Victor X3 data analysis and growth curve elaboration, as well as survival percentages 378 estimations from the acid resistance assay, were made by ad hoc scripts using R 379 programming language (version 3.5.2) and the ggplot2 package. Figure S1 . Strength characterization of the synthetic RBS used in this study, as measured 388 by GFPlva fluorescence. Figure S2 . Growth comparison between clones harboring 389 pARC211 and pSEVA232 empty vector. Figure S3 . Relationship analysis between acid 390 resistance after 1h and metabolic fitness of the different clones harboring plasmids with 391 combinations of the three RBS. Table S1. Survival percentages obtained at time points 1h and 2h 392 of the acidic challenge. Table S2 . Growth rate and fitness cost of strains grown in minimal 393 medium. Table S3 . Oligonucleotides used for assembly of synthetic circuits. 394 395
